A compressible, unsteady, full Navier-Stokes, finite difference code has been developed for modeling transonic flow through two-dimensional, oscillating cascades. The procedure introduces a deforming grid technique to capture the motion of the airfoils. isolated and cascaded airfoils. tributions are predicted for the NACA 64A010 isolated airfojl and compared with existing experimental data. Results show that the deforming grid technique can 2 be used to successfully predict the unsteady flow properties around an oscil-2 lating airfoil. The deforming grid technique has been extended for modeling unsteady flow in a cascade. The use of a deforming grid simplifies the specification of boundary conditions. Unsteady flow solutions similar to the isolated airfoil predictions are found for a NACA 0012 cascade with zero interblade phase angle and zero stagger. Experimental data for these cases are not available for code validation, but computational results are presented to show sample predictions from the code. machinery flow conditions will be presented in future work.
INTRODUCTION
The analysis of flow around advanced turboprop airfoil sections requires methods capable of modeling unsteady, transonic flow. As the number of blades Increase, the cascade effects are expected to become more signiflcant. date, most of the flow codes that model unsteady, transonic cascades are linearized potential solvers. While these codes are fast and more practical for load predictions, they are not expected to model the true physics of the flow. There is no experimental data avallable for propfan sections that can determine the extent of the unsteady effects. In an attempt to bridge the gap in understanding and modeling unsteady, transonic flow through cascades, a compressible Navier-Stokes code has been developed for such applications. The present code Introduces a deforming grid technique to capture the blade motion in the cascade. The use of a deforming grid 1s convenient for treatment of the outer boundary conditions since the outer boundary can be fixed In space, while the inner boundary moves with the blade motion. This is desirable for oscillating airfoils in a cascade since the outer boundary position must be known. Sample calculations are presented for both Isolated and cascaded airfoils and compared to experiment when possible. 
Based on Shamroth, McDonald and B r i l e y ' s ( r e f . 8) experience w i t h modeling cascades, t h e m e t r i c data i s a l s o forced t o be continuous along t h e p e r i o d i c boundaries.
The i n l e t conditions a r e assumed t o be a t f r e e stream t o t a l pressure and temperature. The d e s i r e d f l o w angle i s a l s o a necessary i n p u t t o completely s p e c i f y t h e i n l e t boundary c o n d i t i o n s . S i m i l i a r t o Jameson ( r e f . 9) t h e upstream-running Riemann i n v a r i a n t based on t o t a l v e l o c i t y i s c a l c u l a t e d and e x t r a p o l a t e d f r o m t h e i n t e r i o r t o g i v e a n o n r e f l e c t i n g boundary c o n d i t i o n :
where V = t h e t o t a l v e l o c i t y C = t h e sonic v e l o c i t y Although t h i s boundary c o n d i t i o n i s o n l y v a l i d f o r steady flows, i t i s used here as an approximation f o r t h e f u l l unsteady boundary c o n d i t i o n by assuming t h a t the unsteady terms a r e n e g l i g i b l e . boundary c o n d i t i o n allows t h e upstream boundary t o be c l o s e r t o t h e blade without decreasing the convergence r a t e . With R-known a t t h e i n l e t , t h e t o t a l v e l o c i t y and v e l o c i t y components a r e known. a r e found assuming I s e n t r o p i c flow, and t h e energy i s found from t h e r e l a t i o n :
I n theory, t h e n o n r e f l e c t i n g
The s t a t i c pressure and d e n s i t y This gives a l l i n l e t c o n d i t i o n s s p e c i f i e d i n terms o f t h e conservation v a r iables used i n equation ( 2 ) .
The e x i t boundary c o n d i t i o n s e x t r a p o l a t e p , pu, and pv from t h e i n t er i o r and s p e c i f y f r e e stream s t a t i c pressure t o c a l c u l a t e energy. An e x i t Riemann i n v a r i a n t cannot be s p e c i f i e d since i t would vary across a viscous wake.
The remainder o f t h e boundary c o n d i t i o n s a r e i d e n t i c a l t o those used f o r i s o l a t e d a i r f o i l s i n reference 1. This includes s o l i d w a l l boundaries on the a i r f o i l surface and averaging t h e f l o w c o n d i t i o n s across t h e s l i t a f t o f t h e a i r f o i l . RESULTS AND DISCUSSION

Results f r o m t h e sample runs a r e d i v i d e d i n t o two categories: ( 1 ) a p i t c h i n g , i s o l a t e d a i r f o i l t o t e s t t h e deforming g r i d technique, (
2 ) steady and unsteady p r e d i c t i o n s f o r a cascade w i t h zero i n t e r b l a d e phase angles and zero stagger. The a i r f o i l s used i n t h i s i n v e s t i g a t i o n a r e t h i c k e r than t y p i c a l sections found on t h e propfan. They have been chosen f o r code v a l i d a t i o n s i n c e experimental data f o r t h i n n e r sections does n o t e x i s t . P r e l i m i n a r y c a l c u l at i o n s have been done f o r t h e NACA 16 s e r i e s a i r f o i l s and w i l l be presented i n a f u t u r e paper.
The NACA 64A010 a i r f o i l has been chosen f o r t e s t i n g t h e deforming g r i d
concept because o f t h e extensive data presented by Davis and Malcom i n reference 10. This d a t a was taken i n t h e 11 by 11 f o o t t r a n s o n i c wind t u n n e l a t t h e NASA Ames Research Center. A 
An average o u t e r boundary distance o f t e n chord l e n g t h s was chosen based on t h e r e s u l t s o f a g r i d parameter study i n r e f e r e n c e 4 u s i n g t h e NACA 0012 a i r f o i l . i s 0.00005 chords, which should be adequate f o r t h e s e l e c t e d Reynolds number.
The d i s t a n c e o f t h e f i r s t g r i d l i n e o f f t h e surface o f t h e a i r f o i l Three separate c a l c u l a t i o n s were s t u d i e d f o r t h i s t e s t case. The f i r s t c a l c u l a t l o n r o t a t e s t h e g r i d as a r l g i d body t h a t f o l l o w s t h e a i r f o i l motion. The second c a l c u l a t i o n (deforming, w i t h GCL) uses a deforming g r i d and i n c l u d e s t h e Geometric Conservation Law i n the c a l c u l a t i o n o f t h e Jacobian. I n order t o determine t h e importance o f t h e GCL f o r deforming g r i d s , t h e t h i r d c a l c u l a t i o n (deforming, w i t h o u t GCL) uses a deforming g r i d w i t h o u t conserving t h e t i m e dependent terms i n t h e Jacobian c a l c u l a t i o n . A l l t h r e e c a l c u l a t i o n s were performed u s i n g f i v e cycles o f p i t c h i n g and were found t o be p e r i o d i c i n t h e f o u r t h cycles. a , , , = -0.19' i n s t e a d o f a , , , = -0.21' used i n t h e experiment. This was done t o match t h e mean l i f t c o e f f i c i e n t . (Since t h e o b j e c t o f t h i s a n a l y s i s i s t o o b t a i n load i n f o r m a t i o n , matching the l i f t and moment c o e f f i c i e n t s i s more useful than o n l y matching t h e pressures on t h e surface w i t h t h e shock wave.
The r e s u l t s may s t i l l need t o be corrected f o r wind t u n n e l w a l l i n t e r f e r e n c e . )
The mean angle o f a t t a c k used i n t h e p r e d i c t i o n s was adjusted t o
The l i f t and moment p r e d i c t i o n s from a l l t h r e e cases a r e shown i n f i g u r e s 3 and 4, r e s p e c t i v e l y . The c o e f f i c i e n t s from a F o u r i e r t r a n s f o r m on t h e f o u r t h c y c l e a r e shown i n t a b l e I, w i t h the r e s u l t s p l o t t e d i n f i g u r e s 5 and 6 f o r comparison w i t h experiment. a d j u s t e d mean angle a r e compared w i t h experimental d a t a i n f i g u r e 7. and imaginary components of pressure normalized by t h e amplitude o f o s c i l l a t i o n a r e p l o t t e d i n f i g u r e s 8 and 9, r e s p e c t i v e l y .
The steady-state pressure d i s t r i b u t i o n s f o r t h e
The r e a l
The r e s u l t s a r e i n reasonably good agreement w i t h experiment and a r e comp a r a b l e t o t h e r e s u l t s reported by Chyu and Davis ( r e f . 13)., who a l s o used a Navier-Stokes s o l v e r . Furthermore, t h e p r e d i c t i o n s us1ng.a r i g i d g r i d a r e very close to the predictions using a deforming grid, which validates the use of a deforming grid for unsteady analysis. between the deforming grid calculations when the GCL is included and excluded. The time step used for these calculations was small enough that the error from excluding the GCL is very small. It is expected that including the GCL in the formulation will be more important for grids with higher deformation and larger time steps. as the pitching angle becomes large since the orthogonality and smoothness of the grid is not as good as the numerical grid generated at the mean angle. One way to get around this is to generate another grid after a few degrees of pitching and then continue the deformation technique.
There are only minor differences Also, the deforming grid technique Is expected to lose accuracy
NACA 0012 Cascade
The deforming grid technique can be extended to predict the flow field for an oscillating cascade. culations. The solutions presented here will be a first attempt to capture the flow behavior for oscillating cascades using a full Navier-Stokes solver. first case to be considered is a NACA 0012 cascade with g 
r i d method t o model t h e a i r f o i l motion and boundary c o n d i t i o n s . t h e deforming g r i d computations a r e i n good agreement w i t h i s o l a t e d a i
r f o i l p r e d i c t i o n s t h a t use a standard r i g i d g r i d . t i o n Law i n t h e Jacobian o f transformation has l i t t l e e f f e c t on t h e s o l u t i o n s i n v e s t i g a t e d i n t h
